Poecilia reticulata predation on Aedes aegypti larvae : effects of predator body size and vegetation density by Rodgers, Brandon.
Poecilia reticulata predation on Aedes aegypti larvae: effects of predator 
body size and vegetation density 
Brandon Rodgers 
Department ofNatural Resource Sciences 
McGill University, Montreal 
June 2007 
A thesis submitted to McGill University in partial fulfillment of the requirements of the 
degree of 
Master of Science 
© B. Rodgers, 2007 
McGill University 
AlI rights reserved. This report May not be reproduced in whole or in part, by photocopy 
or other means, without the permission of the author. 
1+1 Libraryand Archives Canada Bibliothèque et Archives Canada 
Published Heritage 
Branch 
Direction du 
Patrimoine de l'édition 
395 Wellington Street 
Ottawa ON K1A ON4 
Canada 
395, rue Wellington 
Ottawa ON K1A ON4 
Canada 
NOTICE: 
The author has granted a non-
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non-
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 
The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission. 
ln compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis. 
While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis. 
• •• 
Canada 
AVIS: 
Your file Votre référence 
ISBN: 978-0-494-38431-2 
Our file Notre référence 
ISBN: 978-0-494-38431-2 
L'auteur a accordé une licence non exclusive 
permettant à la Bibliothèque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par télécommunication ou par l'Internet, prêter, 
distribuer et vendre des thèses partout dans 
le monde, à des fins commerciales ou autres, 
sur support microforme, papier, électronique 
et/ou autres formats. 
L'auteur conserve la propriété du droit d'auteur 
et des droits moraux qui protège cette thèse. 
Ni la thèse ni des extraits substantiels de 
celle-ci ne doivent être imprimés ou autrement 
reproduits sans son autorisation. 
Conformément à la loi canadienne 
sur la protection de la vie privée, 
quelques formulaires secondaires 
ont été enlevés de cette thèse. 
Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant. 
Poecilia reticulata predation on Aedes aegypti larvae 
11 
ABSTRACT 
ln this study, predation efficiency ofthree guppy (Poeeilia retïeu/ata) size classes was 
evaluated at various vegetation densities in a series of circular aquaria containing plastic 
plants closely resembling Ceratophyllum demersum. The effect of vegetation density 
was most apparent among large fish where predation efficiency greatly diminished from 
12.35 mosquito larvae (Aedes aegypti) to 4.68 as vegetation densities rose from 3 to 19 
plants1700 cm2• Over that same range of increasing vegetation densities, predation 
among small fish remained unchanged, whereas among fish of intermediate size 
predation declined significantly but less precipitously than for large individuals. When 
presented with a choice between second and fourth mosquito larvae, small fish preferred 
to prey on second instars, whereas large fish preferred fourth instar larvae. Fish of 
intermediate size did not show a statistically significant preference. The functional 
response of fish to increasing prey densities, as measured over a 12-h period, was of Type 
III. 
RESUMÉ 
Dans le cadre de cette recherche, le taux de prédation de trois tailles de Poeeilia 
retieu/ata a été évalué selon différentes densités de végétation dans des aquariums 
circulaires contenant des plantes en plastiques ressemblant fortement à Ceratophyllum 
demersum. Les effets de la densité de la végétation étaient les plus apparents pour les 
gros poissons alors que le rendement de la prédation diminuait significativement de 12,35 
larves (Aedes aegypti) à 4,68 alors ~ue la densité de végétation augmentait de 3 
plantes/700cm2 à 19 plantes1700cm . Avec le même spectre d'augmentation de la densité 
de végétation, le taux de prédation des petits poissons est resté inchangé alors que parmi 
les poissons de tailles intermédiaires la prédation a décliné significativement mais mois 
abruptement que pour les gros poissons. Lorsque étant soumis à un choix entre les stades 
larvaires deux et quatre des maringouins, les petits poissons ont préféré attaquer les larves 
de stades deux alors que les gros poissons ont préféré les larves de stade quatre. Les 
poissons de taille intermédiaire n'ont pas démontré de préférences statistiquement 
significatives pour aucun des stades de larves. La réponse des poissons à r augmentation 
de la prédation, tel que mesuré sur une période de 12 h, est de type III. 
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INTRODUCTION 
The role of mosquitoes as vectors in the transmission of disease remains of great, 
world-wide medical and veterinary importance (Elliot et al. 2003). Traditionally, control 
ofthese insects has depended largely on chemical insecticides. However, concems about 
environmental toxicity (Liu et al. 2004) and the development of resistance by target 
species (Toure et al. 2004) have led to the resurgence of the biological approach to their 
control, based primarily on the action of natural enemies such as larvivorous fish, as weIl 
as a number of entomopathogens. The use of predatory fish, such as Gambusia and 
Poecilia spp, has met with varying degrees of success, generally due to unidentified 
environmental factors. Nevertheless, there is sorne evidence from fish predator/prey 
associations that predation success declines rapidly with inereasing vegetation density by 
providing refuge for the smaller prey fish (Chipps et al. 2004). The present study 
asses ses the effects of graded predator body size and various vegetation densities on the 
predation efficiency offish (Poecilia reticulata) on mosquito larvae (Aedes aegypti) in 
shaIlow, cylindrical aquaria in the laboratory. The study will also determine the preferred 
larval instar of each of the fish classes as weIl as the functional response of single large 
fish (P. reticulata) to mosquito larvae (Ae. aegypti) at a single, moderate vegetation 
density. 
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LITERATURE REVIEW 
VECTOR BORNE DISEASES 
Many of the medically important transmissible diseases of the world share one 
important characteristic; their transmission from human to human requires a blood-
feeding arthropod vector that may serve as an intermediate host to the infective organism. 
Globally, such vector-bome diseases cause significant human mortality and morbidity 
(Hill et al. 2005). To date, many of the attempts to lighten this burden on humanity have 
been unmitigated failures. Indeed, the incidence of malaria, leishmaniasis and dengue 
has increased significantly (WHO 2002). The most pressing cause for concem regarding 
vector-bome diseases is seen in developing countries where their severity far outweighs 
the treatment available to the suffering population. Many cases remain unreported, 
making it difficult to assess the real human cost of such diseases (Hill et al. 2005). 
Historically, vector control has led to reduced disease transmission. Thus, malaria has 
been eliminated from the temperate northern hemisphere and onchocerciasis has been 
eradicated from Il West African countries through insecticide-based control programs 
(Hill et al. 2005). 
Mosquitoes of the genus Aedes (Ae. aegypti, Ae. albopictus, Ae. polynesiensis) 
play an important role in the transmission of the dengue viral infections and yellow fever. 
Of these, the primary and most important vector of these diseases is Ae. aegypti 
(Malavige et al. 2005). Like an mosquito borne diseases, dengue viral infections are 
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strongly influenced by vector population size, vector longevity, level of anthropophilly, 
and feeding frequency (Dye 1992). There are currently 2.5 to 3 billion people at risk of 
acquiring dengue infections, primarily individuals in the urban areas of tropical and 
subtropical countries. There are estimates of approximately 100 million cases of dengue 
fever and half a million cases of dengue hemorrhagic fever annually. In the late 1800s 
and early 1900s, infections with the dengue virus were considered to be sporadic, and 
epidemics were infrequent. According to the WHO (1999) recent dramatic changes have 
made dengue infections the most important mosquito-borne disease in the world. There 
has been a 30-fold increase in its incidence over a fifty-year span, and the infection is 
endemic to 112 countries. Several factors contribute to this phenomenon. Uncontrolled 
human population growth in many of the endemic areas has resulted in an increase in 
human-vector contact with an increase in the transmission ofthe virus. Concomitantly, 
unplanned and uncontrolled urbanization, accompanied by inadequate wastewater 
management, has increased the availability of resting and oviposition sites, thus 
increasing vector populations. Exacerbating this situation is the absence of effective 
vector control methods in these areas (Guzman and Couri 2002). 
AEDES AEGYPTI 
Aedes aegypti, Order Diptera, Family Culicidae, Subfamily Culicinae, is a 
mosquito found primarily in tropical and subtropical regions of the world. Only the 
females feed on blood; both males and females feed on nectar from flowers (Christophers 
1960). The females are primarily daytime feeders, rendering ineffective many of the 
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control techniques designed primarily for night-bitingAnopheles mosquitoes in the 
prevention of malaria (Malavige et al. 2005). Aedes aegypti is a container-breeding 
species, ovipositing in small, natural reservoirs of water such as tree holes and plant leaf 
axils (Christophers 1960). An increase in urbanization has raised the availability of 
oviposition sites in the form of man-made containers such as water storage basins, empty 
cans, discarded tires and rain gutters (Raju 2003, Malavige et al. 2005). In a study 
conducted by Schneider et al. (2004), the presence of artificial outdoor containers was a 
strong predictor for the abundance of female Ae. aegypti in the area. Once eggs are laid, 
they need to remain moist for 48-72 hours in order to complete embryonation. When 
fullyembryonated, eggs are resistant to dessication for long periods oftime. Eggs hatch 
when immersed in oxygen-depleted water. Vnder optimal conditions 5-7 days are 
required to proceed from the egg, through the four larval instars, to the pupa. The 
measurement of the head capsule diameter is the only quick and reliable way of 
differentiating larval instars (Christophers 1960). 
Three factors are essential for the survival of Ae. aegypti larvae: water, 
atmospheric oxygen and food (Christophers 1960). Wide ranges in water temperature 
and pH may play an important role in the development but not necessarily the survival of 
Ae. aegypti larvae. Atmospheric oxygen is acquired primarily through their siphon at the 
surface ofthe water column. Food consists ofmicroorganisms such as rotifers, algae and 
bacteria found in the water. These are collected either by browsing on the surface of a 
substrate or by filtering particles from the surrounding water (Clements 1992). Food 
plays a major role in the composition of the pre-imago population. In food-limited 
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environments, later instar larvae out-compete younger conspecifics so that the latter 
accumulate until the major competitors pupate. Food-limited larvae that develop into 
pupae are smaller and produce smaller adults (Chambers and Klowden 1990). Smaller 
females tend to take less blood and may therefore be less efficient at transmitting disease 
(Clements 1992). Since larvae feed on the substrate and breathe at the surface of the 
water they must partition their time between foraging and breathing. 
Aedes aegypti larvae are sensitive to a number of mechanical, visual and chemical 
external stimuli. The most common response to physical and visual stimulation is to 
actively dive to the bottom ofthe water column and to return by rising passively to the 
surface (Christophers 1960). The response oflarvae to shadows and vibration are most 
likely associated with predator-avoidance behavior (Clements 1992). 
There are sorne common associations between aquatic vegetation and mosquito 
larvae. Small vegetation that floats near the surface allows for coyer whereas large, 
submerged vegetation promo tes micro-organism growth, a source of food. The presence 
of plants reduces water movement due to rain and wind, and helps to stabilize water 
temperatures (Orr and Resh 1989). The literature is replete with contradictory reports 
concerning the effects of plants on the survival of mosquito larvae. This may be due, in 
part, to a lack of detailed information on factors such as mosquito and plant species, 
vegetation density, as well as the presence or absence of predators. Surface plants 
encourage ovipositing by raft-laying mosquitoes such as those of the genus Culex, 
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but no such effects have been reported for container breeding mosquitoes (Angerilli and 
Beime 1980). 
Aedes aegypti is a highly anthropophilic mosquito. In sorne Polynesian villages 
every single human dwelling contained at least 1 mosquito breeding container and Ae. 
aegypti was present aIl year round (Lard eux 1992). They often rest indoors, on walls, 
and under shelves and beds, which maximizes contact between humans and the vector 
(Malavige et al. 2005). Because this species rests indoors, it reduces its contact with 
insecticides applied outside (Perich et al. 2000). 
CONTROL METHODS 
Sin Nahm et al. (2000) have outlined four major steps in building an efficient 
control pro gram for Ae. aegypt. 1) Locate and survey key containers for egg-Iaying to 
determine whether or not they are suitable for control measures to be taken. 2) Survey 
the area to determine the potential resources for biological control. 3) Discuss with the 
local population to determine the acceptability of the proposed study and the knowledge 
of the disease transmitted. 4) Design and refine a suitable integrated control method. 
Interestingly, few studies and control attempts take into account the above series of steps. 
CHEMICAL AND PHYSICAL CONTROL 
Temephos is one of the most widely used of the conventional chemical pesticides 
to kill mosquito larvae. In a recent study in Brazil, bodies ofwater treated with 0.0125 
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ppm ofTemephos exhibited 90% mortality ofmosquito larvae (Duque Luna et al. 2004). 
This organophosphate compound is relatively inexpensive and has a very low toxicity 
towards mammals. There is, however, sorne concem over its effects on wetland wildlife, 
including fish and birds (Knight et al. 2003). Temephos is applied to water where 
females will oviposit; it can be applied to large expanses of natural waters or to 
containers (WHO 1999). Close monitoring becomes extremely important when chemical 
control is used because there have been a number of situations where a physiological 
resistance to insecticides has evolved as a result oflong-term spraying programs (Sharma 
2003). Sorne cases of resistance have a behavioral basis. The irritant effects of 
insecticides (primarily DDT and pyrethroids) may cause mosquitoes to temporarily leave 
the area and then retum once toxicity has declined (Pates and Curtis 2005). Because 
resistance is so common and quick to develop in mosquitoes, it is not cost efficient to 
develop new and more effective insecticides. The application of mosquitocidal oils to the 
water surface, a physical control method, is often used as a last resort. The oils interfere 
with the air ex change of the larvae and pupae and prevent adults from emerging. Such 
oils usually persist for only 48 hours when exposed to sunlight, and are federally and 
state approved in the United States of America (Knight et al. 2003). 
SOCIAL CONTROL 
To date, there has been only one sustainable control method: the elimination of 
larval habitats in the urban domestic environment. This method is known as source 
reduction, and was adopted more extensively during the 1990s to replace sorne wide-
scale, unsustainable spraying programs. Such community-based programs are very 
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useful because they minimize costs by involving and educating the local population in the 
process (Sanchez et al. 2005). Knowledge ofbreeding sites and oviposition behavior can 
help communities to eliminate much of the potentiallarval habitat. In a recent study, 
Chadee (2004) shifted the focus from small household containers to larger containers, 
such as water reservoirs; he suggests that mosquito productivity is much higher in larger 
basins, and that ifhygiene and care were improved, there would be a decrease in Ae. 
aegypti populations by as much as 84% in sorne areas. In his study the smallest decrease 
in Ae. aegypti populations was 73%. Clearly there are advantages to educating at-risk 
communities to the biology of disease vectors. Unfortunately, it has been suggested that 
by reducing breeding sites of Ae. aegypti mosquitoes, there may be an increase in the 
dispersal of the females that are seeking suitable oviposition containers, thereby 
increasing the spread of the dengue virus (Pates and Curtis 2005). 
BIOLOGICAL CONTROL 
Biological control methods generally target the larval stages of the disease 
vectors. They include the use ofbacteria (Bacillus thurigiensis) and the use of metazoan 
organisms such as Mesocyclops copepods and larvivorous fish (Malavige et al. 2005). 
There is also sorne potential in the use of an entomopathogenic digenean parasite, 
Plagiorchis elegans (Rau et al. 1991). 
Bacillus thuringiensis israelensis and B. t. sphaericus are the two most commonly 
used bacterial control agents. Neither affects a large range ofspecies and oftenAedes 
mosquitoes are not affected. The toxin that is released into the environment is degraded 
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rapidly by UV solar radiation and do es not persist for an effective length oftime (Walton 
and Mulla 1992). However, control with bacterial species is attractive since there is little 
to no non-target toxicity and is therefore relatively safe (WHO 1999). 
Mesocyclops (Class Copepoda) has proven to be an effective biological control 
agent for Ae. aegypti in rural Viet Nam. These predatory crustaceans are capable of 
consuming from 15-45 larvae in their lifetime (Sinh Nam et al. 2000). Mesocyclops in 
combination with notonectid bugs and fish completely eliminated Ae. aegypti larvae from 
water storage tanks. The effects of the fish were not studied in detail and were simply 
noted as a complementary factor. In a similar study, Mesocyclops sp. was unable to 
deliver complete control of mosquito populations, but with the additional introduction of 
larvivorous fish, mosquito populations declined to zero (Lardeux 1992). Mesocyclops is 
most effective in larger water storage containers that are rarely disturbed, or in naturally 
occurring waters. During the regular maintenance of smaller water containers, nutrients 
essential to the survival of the copepods are removed (Lardeux 1992, Kay and Sinh Nam, 
2005). If cleaning maintenance is regular, Mesocyclops species will not persist and even 
ifthey are re-introduced, their populations dwindle quickly due to a lack ofnutrients. 
Nevertheless, to date this remains a cost efficient method of control in resource-deficient 
areas of the world (Sinh Nam et al. 2000). 
Covell (1927), as quoted by Kusumawathie et al. (2006), wrote the following 
about the potential use of larvivorous fish to control mosquitoes in a health bulletin in 
New Delhi, India. "A good larvivorous fish should be small and flourish in both deep 
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and shallow waters, including confined waters, be able to move among weeds, be 
camivorous, have voracious surface-feeding habits, be able to tolerate fluctuations of 
temperature, pH and water pollution, and be able to withstand transport and handling. It 
should have few natural predators, including humans, be difficult to catch, have the 
ability to escape from natural enemies, and be insignificant as food." 
Based on ecological principles, it would be very difficult to find a fish that would 
be able to meet all of the above criteria. However, several species approach this ideal. 
Larvivorous fish, most notably Gambusia affinis and Poecilia reticulata, have been used 
in the control ofmosquito larvae, includingAe. aegypti. The mosquito fish (G. affinis), 
has been used in the control of mosquito larvae worldwide for more than 80 years. 
Gambusia and Poecilia are opportunistic feeders with a broad diet. They concentrate 
their feeding efforts at the surface of the water where mosquito larvae are often found as 
they breathe (Knight et al. 2003). Recently, however, the introduction ofthese fish as an 
exotic has been questioned because it is thought to have serious negative effects on 
indigenous species. Thus, G. affinis greatly reduced populations ofthe fairy shrimp 
(Linderiella occidentalis) in Califomian freshwater ponds (Leyse et al. 2004). Similar 
problems arose wherever this fish was introduced. This underscores the need to find 
native species of predatory fish, such as Aphanius mento (Cyprinodontidae) from 
Northem Israel (Blaustein and Byard 1993). Due to the above problem G. affinis is 
considered to be an effective biological control agent in only a small subset of its suitable 
environmental range, which inc1udes temperatures from 0.5 to 4Z C, a pH from 5 to 9.5 
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as weIl as the ability to live in oxygen-depleted water (Meisch (1985), as quoted in 
Knight et al. (2003)). 
In natural environments it is unclear as to whether or not fish can be successful at 
controlling mosquito larvae. There may be several characteristics of aquatic habitats that 
contribute to the inconsistency of results from larvivorous fish. Thus, alternative prey 
species may divert the attention of the predator from the intended target (Blaustein and 
Byard 1993). Furthermore, where rainfall is abundant and water volumes increase 
rapidly, there is often a dilution effect on fish populations and an increase in mosquito 
larva populations as hatching of dormant eggs is triggered. In a study by Carlson and 
Vigliano (1985), fish were unable to increase their numbers to keep pace with mosquito 
reproduction when heavy rains diluted the fish population. 
Introducing larvivorous fish into man-made containers is currently being 
investigated as a possible control method in which the potential risks of introducing 
exotic species is almost entirely eliminated. The public often disapproves of the 
introduction of new species, but native species are more readily accepted (Martinez-
Ibarra et al. 2001). Because it often breeds in small containers, Ae. aegypti is somewhat 
more difficult to control with larvivorous fish, because water quantities are frequently 
insufficient to support most species. In southern Mexico, a native larvivorous fish 
Poecilia sphenops, closely related to P. reticulata, was used in the control of Ae. aegypti 
larvae. Wild fish were caught in nearby bodies of water, transported into towns, and 
released into large cement water storage tanks where pre-imago populations of Ae. 
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aegypti were a problem. The fish reduced the populations of mosquito larvae to zero 
(Martinez-Ibarra et al. 2001). 
Aedes aegypti females select ovipositioning sites based on chemosensory cues. 
Waters harboring populations oflarvivorous fish are sometimes avoided (Angelon and 
Petranka 2001). Similarly, females may avoid containers harboring larvae infected with 
the digenean parasite Plagiorchis elegans (Zahiri and Rau 1998). This may render sorne 
control techniques less effective. Oviposition site selection by females would then be 
based on a maximum distance that female Ae. aegypti would fly to relocate. In early 
studies (quoted by Liew and Curtis 2004) it was reported that females may not fly further 
than in a 50 m radius during their entire lives. However, these studies were conducted in 
locations where there were many obstacles to prevent the dispersal of females. In more 
recent studies, female Ae. aegypti have been shown to disperse within an 800 m radius in 
search of oviposition sites (Liew and Curtis 2004); this suggests that large areas would 
need to be covered for control purposes. 
VEGETATION DENSITY 
Vegetation density plays an important role in many predator-prey relationships. It 
has been established that predators using search and attack methods for obtaining food 
are greatly impeded by dense vegetation (MacRae and Jackson 2001, Valley and 
Bremigan 2002, Babbitt and Tanner, 1998). It has further been established that the rate at 
which a predator grows is a function of the amount of energy obtained from consumed 
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prey, minus the amount of energy spent obtaining the prey. In situations of increasing 
habitat complexity it is expected that significantly more energy is expended in securing 
prey (Crowder and Cooper 1982). When predators are near, many prey species seek 
shelter in environmentally complex areas (Snickars et al. 2004) that provide refuges of 
high quality (Woodley and Peterson 2003). This serves two purposes; it disrupts the 
search image pro cess of the predator, and it impedes foraging movements. Both of these 
factors are directly dependent on vegetation density (Bartholomew et al. 2000). The 
efficiency of a habitat as a refuge for prey from predators depends on many factors: the 
physical complexity ofthe environment, the behavior of predators in that environment, 
the behavior of prey species, as well as intraspecific interactions (reviewed in Elkin and 
Baker 2000). Larvivorous fish tend to be search and attack predators and are frequently 
affected by vegetation density. Coykendall (1980) demonstrated that the predation 
efficiency oflarvivorous fish declines as the density of vegetation in an area increases. 
However, other studies have determined that predation rates oflarvivorous fish on 
mosquito larvae increase or remain the same in the presence of vegetation (Angerilli 
1980, Blaustein and Byard 1992). Characteristically, in both natural and man-made 
environments where Ae. aegypti larvae abound, there also occurs a great variety of plant 
species. Aquatic plants are often considered to enhance mosquito production and 
therefore to interfere with mosquito control (Knight et al. 2003) since they may provide 
shelter for larvae and pro vide a substrate for microorganisms on which these larvae feed 
(Orr and Resh 1989). The abundance ofsome aquatic invertebrates increases with the 
density of aquatic vegetation, and is generally ascribed to a concomitant decrease in the 
efficiency oftheir predators (Spitzer et al. 2000). 
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Angerilli (1980) tested the effects of vegetation structure on the ability of a 
predator to locate and consume mosquito larvae. It was hypothesized that vegetation 
would impede the predators, individual fathead minnows (Pimephales promelas), from 
locating prey composed of 30 second and third instar Ae. aegypti larvae. Contrary to the 
hypothesis, fish took less time to consume the prey because they systematically searched 
the aquarium using vegetation as reference points, whereas in the absence of vegetation 
fish seemingly searched at random. The fish were also able to detect the light colored 
prey against the dark background of vegetation. Angerilli suggested that because 
larvivorous fish often colonize water where plants are found, that a systematic use of 
plants and fish may be a promising approach to mosquito control. Another study 
(Blaustein and Byard 1993) reports that the predation of a cyprinodontid larvivorous 
fish, Aphanius mento, on mosquito larvae (Culex pipiens) was not affected by the 
presence of vegetation in laboratory systems. This fish was equally effective at finding 
and consuming individuals in the presence or absence oflight vegetation. 
Of note are studies that show that predatory fish will alter their method of 
obtaining food when presented with varying environments. Largemouth bass, 
Micropterus salmoides, will altemate between a visual search foraging system and an 
ambush system, depending on the density of vegetation and the behavior of their prey 
(Valley and Brenigan 2002). 
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FORAGING DECISIONS 
The basic prey model (BPM) is the simplest of methods used to determine which 
prey items a predator will select when presented with a number of choices. Essentially, it 
breaks the interaction down to the most basic factors affecting energy gain: units of 
energy gained and units of energy lost during handling time (Stephens and Krebs 1986). 
Although many factors may affect energy gain and energy 10ss, these two principles form 
the foundation of predator-prey interactions. 
The size relationship between predator and prey is significant and influences the 
choices that a predator will make. Most predatory fish swallow their prey whole. This 
imposes serious constraints on the size of prey that they can consume. There have been 
direct relationships drawn between the length of the predator and the size of the prey that 
can be consumed, particularly in piscivorous fish (Mittelbach and Persson 1998). The 
foraging capacity of fish is a function of its size; this is due to changing physical 
characteristics such as increased visual acuity as well as increased locomotory ability 
(Finstad et al. 2006). Other physical characteristics that apply restrictions to the size of 
prey that fish can consume are gape size and body weight; these characters may both help 
and hinder the fish predator in that they both release and apply energetic pressures. As 
the gape size of the fish increases, the potential size of prey consumed is increased, 
allowing the fish to inc1ude a greater variety of prey sizes in its diet. This change in gape 
size will increase the predation success with smaller prey but also give the fish the 
opportunity to consume larger, more energetically profitable prey items. There is an 
15 
• • , 
r 
• 
• 1 , 
exponential increase in the handling time as the size of the prey increases for fish whose 
body size remains constant, but as they grow, they are able to handle larger prey. 
Increased body size does, howevcr, impose costs on an individual because there is an 
increased demand for energy to meet the associated higher metabolic rate (Gill and Hart 
1996). It is clear that larger fish can potentially consume more prey items of a particular 
size than a much smaller fish. 
Another important concept is the optimal foraging theory (OFT), which is in part 
a repetition of the BPM, but differs in sorne important aspects. Optimal foraging requires 
a series of decisions. These decisions need to minimize the energetic costs of foraging 
and maximize the energetic payoffs of finding and consuming food items. Most animaIs, 
fish included, will rarely forage optimally because they are unable to devote aIl of their 
attention to finding and consuming food and must allocate energy to other important 
activities such as predator avoidance and reproduction. Nevertheless, the theory can be 
helpful in evaluating foraging models. The OFT recognizes constraints imposed on 
individuals and allows us assess how close to optimal they are foraging in light ofthe 
associated costs and benefits. A refinement ofthis, the optimal diet model, deals with the 
selection of the most profitable food items. This latter model is relevant to fish because 
there are both specialists that have followed a particular, progressively more restrictive 
path during their evolutionary development as a species, as weIl as generalist predators 
that continue to make decisions daily as to which prey item is the most beneficial. There 
are many studies dealing with this very topic to determine the decision-making process of 
fish. Three-spined sticklebacks (Gasterosteus aculeatus), nine-spined sticklebacks 
16 
, 
r 
~ , 
t 
t 
~. 
1 
(Pungitius pungitius) and mosquitofish (G. ajJinis) have aIl been extensively evaluated in 
that respect (Gill and Hart 1996, Hart 2003, and Shifinan and Cohen 2001). 
Not only must predators select the most valuable food item, they must also select 
the habitat in which to forage. The Patch Selection model involves smaIl areas of habitat 
that are a significant distance apart and vary significantly in prey densities. In this case 
an individual must decide if a patch is profitable and if so, for how long, while 
concomitantly assessing the cost of moving to another patch. Again, this theory has been 
extensively studied with regards to G. aculeatus. Both models have something in 
common. As with all foraging models, they are made up of three components. First, there 
are decisions made by a predator to attack or not to attack a potential prey item. Second, 
there is a currency in terms of energetic costs and benefits; and third, the limitations that 
lean heavily on the connection between the decisions and the currency involved (Martin 
et al. 2005). 
Fundamental to the OFT is the fact that a forager must make decisions. Fish 
predators make a number of decisions before they consume their prey. They must decide 
when to eat, where to eat and what to eat (Gill 2003). In a predation event there are 
definite costs and benefits to both the predator and the prey. There are the costs of 
energy and time associated with locating the prey, and there are the costs ofhandling the 
prey, again in terms of energy and time, but also in terms of risk of in jury. These costs 
are weighed against energy gained by consuming a prey item with regards to the energy 
requirements for self-maintenance and reproduction. Given that prey animaIs have 
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absolutely everything to lose, it would be safe to assume that they would be adapted to 
spend any and aU amounts of energy to avoid the totalloss associated with death. 
However, if the cost oflocating and handling a prey item is too high when compared with 
the potential energy gained by consuming the prey, the predator would most likely 
abandon the attempt (Martin et al. 2005). Abandoning an attempt can be costly in and of 
itselfbecause of energy already spent without energetic retum. Each prey encounter 
needs to be evaluated rapidly from a cost-benefit point of view in order to arrive at the 
best decision. The faster this decision is made the more "optimally" a predator can 
forage. 
LEARNING 
Leaming is the act or process of acquiring knowledge or skills. Novel situations 
demand a leaming process, and these novel situations may range from habitat alterations 
to new prey species and new predator threats. Leaming theory is the psychological 
science devoted to the study of animalleaming and its underlying mechanisms. Leaming 
may occur through many methods, among them socialleaming through observation and 
formaI teaching, memory, mimicry as well as operant and classical conditioning. 
Leaming can increase the foraging efficiency of aU animaIs, in that the 
experienced animaIs will decrease the handling time and lower the energy output to 
locate their prey. It is likely that predators can increase the profitability of food sources 
by leaming how to handle each type optimally. Such previously acquired knowledge may 
18 
, 
r 
• 
• 1 , , 
t 
help fish to select the most profitable prey, based on the immediate benefit of net energy 
intake (Staddon 1983). Furthermore, as Shifman and Cohen (2001) suggest, predators 
gain a long-term, evolutionary advantage to preferentially select prey items that decrease 
in handling effort as learning occurs and skills develop, even though the immediate 
benefits of selecting a novel prey item may be lower during the initial interactions. This 
will result from an expectation that the long-term energy intake through learning will be 
higher than other alternatives (Werner et al. 1981). In a natural control situation it is 
likely that the population of the species needing to be controlled would be dense enough 
that encounters between the prey and the introduced or augmented predator would be 
inevitable. 
FUNCTIONAL RESPONSE 
The general interaction between a predator and its prey can often be very helpful 
in determining the effectiveness of a biological control agent. A predator will react 
differently to varying levels of prey abundance in different situations. Holling (1959) 
introduced three models that describe the functional responses of predators. These 
models impose an upper limit of prey consumption simply because a predator is not able 
to consume prey infinitely as they are located. A Type l functional response shows a 
linear increase in prey consumption (to a maximum) as prey abundance increases. This is 
often seen in insect predator/prey and parasitoid Ihost relationships. It signifies a constant 
proportion of prey caten up to a maximum, followed by a decrease. A Type II functional 
response follows a hyperbolic curve characterized by a decreasing increase in prey 
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consumption to a maximum as levels of prey availability increase. There is an asymptotic 
decrease in the proportion of prey eaten. In circumstances govemed by this model, it is 
possible to have a complete elimination of a prey species because the predator has the 
potential to achieve a 100% consumption rate at very low prey densities. In contrast, the 
Type III functional response follows a sigmoid curve and is characterized by an 
accelerating rate of consumption as prey densities increase to a point at which the rate of 
consumption begins to decline until it reaches a maximum. At very low prey densities, 
the rate of consumption may also be very low if the prey has access to a spatial refuges, 
or if the predator can switch to an altemate, more abundant prey item. This last model 
greatly reduces the chances of a predator eliminating a food source in its entirety. 
Much research has focused on distinguishing between Type II and Type III 
responses in vertebrate predator systems because of their consequences on prey 
population stability (Taylor, 1982). Most importantly, when conducting an experiment 
to determine the functional response of a predator to a prey species, the shape of the 
response curve needs to be confirmed. The shape will identify the model and provide 
information for further research. This may help in determining wh ether or not density-
dependent predation is a stabilizing factor in predator-prey population dynamics (Juliano 
2001). 
Holling' s disc equation, which is the most common functional response tool, has 
been used traditionally for handling Type II functional responses. It assumes 1) that prey 
encounters and prey density are linearly related, 2) that additional captures are not 
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possible while the predator is currently occupied with a prey item, and 3) that prey 
density is constant. 
aNT N =--+aNTh 
e 1 
Ne = prey items consumed 
N = original number of prey items 
T = total time of exposure 
Th = handling time 
a = attack constant 
(1) 
Type III equations are modeled using a variation ofthe Holling's disc equation. For the 
equation to work, the attack constant (a) must be made a function ofprey density (N). 
bN 
a = d + - + eN (2) 
1 
d, b, c = constants 
By substituting equation 2 into equation 1, the equation used to model Type III responses 
is created. 
Most experiments do not replace prey as they are eaten, so there is a changing prey 
density for the duration of the trial. To compensate for this change in density the 
equation must be modified. 
For Type II 
For Type III 
) (5) 
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When fitted to coIlected data, these equations pro vide information about the functional 
response curve. Using statistical programs (LSMP, Rzeszow, Poland), the significance of 
the curves can be established (Juliano 2001). 
One reason that the disc equation does not necessarily work in its simplest form 
can be ascribed to the assumptions it makes. The assumption that handling time is 
constant throughout aIl encounters is very difficult to confirm, considering that handling 
time is broken down into three components: 1) pursuit and subduing of each prey item, 2) 
consuming each prey item and 3) the time it takes to digest the prey item before 
attempting to pursue and consume another, known as the "digestive pause" (Hassell et al. 
1976). Another assumption of the disc equation is that the predator consumes every prey 
item that it encounters. Many studies have shown that this is not the case. For a 
reasonable analysis of the functional response of a predator to its prey, a series of original 
assumptions to the disc equation must be ignored. There is no constant rate of discovery, 
there is no constant handling time but there is definite prey selectivity (Caldow and 
Fumess 2001). 
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OBJECTIVES 
Experiment 1 
- To detennine the effects of vegetation density and the effects of predator body size on 
predation of P. reticulata on the larvae of Ae. aegypti in a laboratory setting. It will also 
attempt to assess the interaction between these two key factors. 
Hypothesis 
At increasing vegetation densities, fish may encounter difficulties in finding 
larvae because of the cover provided by the plants and because the vegetation may limit 
locomotion of the predator. At low vegetation densities, fish may be able to move and 
find larvae more effectively, thereby reducing the number of mosquitoes in the 
experimental aquaria. A significant interaction between vegetation density and predator 
body size is expected. SmaIler fish may avoid interference by dense vegetation and may 
be able to consume the same number oflarvae at aIl vegetation densities. Larger fish 
may encounter more severe obstruction from the higher vegetation density and be 
prevented from consuming similar numbers oflarvae at aIl vegetation densities. Plants 
are often integral components of mosquito larval habitats and are considered a problem 
when implementing control strategies (Knight et al. 2003). 
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Experiment 2 
- To determine the preferred larval instar selccted by the various fish size classes. This 
may provide sorne insight into the relative contribution of the various fish size classes to 
the control of mixed larval populations. 
Hypothesis 
Small fish will prefer earlier instars because handling times and energy 
expenditure will be lower. Medium and large fish may prefer later instars because the 
energetic payoff may offset the cost of additional handling time, and because earlier 
in stars will not provide sufficient energy to sustain larger fish. 
Experiment 3 
- To determine the functional response of P. reticulata to increasing mosquito larva 
population densities at an optimal vegetation density. Functional response curves are 
important for quantifying the biological control potential for predators (Holling 1959). 
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Hypothesis 
The functional response will resemble a Type III curve, the characteristic 
vertebrate response to new prey items. However, since guppies used in this study are 
relatively experienced predators of mosquito larvae, they may not exhibit a typical Type 
III response. 
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MATERIALS AND METHODS 
Maintenance of Aedes aegypti 
A colony of adult Ae. aegypti was kept in glass and nylon mesh flight cages 
measuring 41 x 21 x 26 cm under a photoperiod of 12: 12 (L:D) hours at a temperature of 
28°C. Females were provided with three human blood meals per week to induce 
oviposition, and were allowed to oviposit into plastic containers (11.5 cm diameter x 7.5 
cm high) lined with filter papers and filled with de-ionized tap water. Filter papers and 
the adhering eggs were removed and kept moist for 2 days allowing complete 
embryonation. Eggs were then dried and stored until needed. To obtain larvae, eggs 
were submersed in 400 ml of deoxygenated water containing brewers' yeast. Larvae 
were fed brewers' yeast, and used when they reached the appropriate instar. 
Maintenance of Poecilia reticulata 
Guppies were maintained in aquaria measuring 41 x 21 x 26 cm at 28°C with a 
photoperiod of 16:8 (L:D). To minimize the microbial disease as weIl as internaI and 
external parasites the fish used for the experiment were bred and born in the laboratory. 
Young fish were separated at birth from the adults and reared in small groups to 
adulthood. The fish were maintained on a diet of fish flakes (Tetramin, Tetra Werke, 
Melle, Germany) and Ae. aegypti larvae. Providing them with live Ae. aegypti larvae 
allowed fish to become accustomed to handling such prey. 
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Experimental design 
Experiment 1 
This experiment was conducted to detennine the effects of vegetation density and 
predator body size on predation of P. reticulata on the larvae of Ae. aegypti. The 
experimental arenas consisted of circular glass aquaria (30 cm diameter and 12 cm high) 
filled with aerated tap water (27°C) to a depth of 9 cm. Plastic aquarium plants 
simulating Ceratophyllum demersum, a common North American wetlands species 
(Knight et al. 2003), were cut to a length such that they reached the surface of the water 
column. Plants were fastened with aquarium silicone glue to the bottom of the aquarium. 
Five densities ofplants (3, 7, Il, 15, 19) per arena (area 700 cm2) were used for 
experimentation. The effects of a complete absence of plants were not tested because, in 
preliminary experiments, fish were hesitant to feed in such environments. Each arena 
was placed within a black cylinder to shield the fish and mosquito larvae from extraneous 
visual stimuli. Twenty fourth instar Ae. aegypti larvae were placed into the arena and 
acclimatized for approximately 5 minutes. Fourth instar larvae were selected for this 
experiment because they are the closest to pupation and subsequent emergence as vectors. 
They are, arguably, the most important larval stage to control because of this. The 
assemblage was illuminated by daylight fluorescent lighting suspended 50 cm above the 
arena. Both the fish and larvae exhibited standard foraging behaviors under such 
conditions. This was based on guppy observations made by Templeton and Shriner 
(2004), and descriptions of Ae. aegypti behaviour by Christophers (1960). 
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Three distinct size classes of fish (small (l.5-2.0cm), medium (2.2-2.8cm) and 
large (3.0-3.5 cm) were used. The size classes selected represent a broad range of sizes, 
but avoid extremes found in sorne natural populations (Croft et al. 2003). Only female 
, 
• guppies were used in these experiments since males spend much of their time in courtship 
display (Croft et al. 2003). AIl fish completed three training sessions in the arena prior to 
experimentation to ensure that they were familiar with the test environment and 
experimental procedures. The fish were removed from their common holding tank, placed 
into the experimental arena and allowed to forage. A 15-minute countdown followed the 
consumption ofthe first larva. At the end ofthe 15-minute period the fish were removed, 
, 
• 
and remaining larvae were collected and counted. The same fish were tested more than 
once in this experiment. The number of replicates for each size class (small, medium, 
large) at each vegetation density (3, 7, Il, 15, 19 plants) are as follows: smaIl, n = 28,28, 
30,30,29, medium, n = 30, 30, 29, 29, 27, large, n = 31, 31, 31, 31, 31. 
Experiment 2 
A similar experiment was used to determine the preferred larval instar of the three 
fish sizes. Twenty second and 20 fourth instar larvae were released into the arena and 
allowed to disperse among the vegetation (3 plants/700 cm2) for about 5 minutes. The 
three fish size classes were tested individually as described above. The 15-minute 
countdown began after the consumption of the first larva and remaining 1arvae were 
counted at the end of each trial. The mean number of each of the two in stars consumed by 
each fish was calculated and compared between fish size classes. The same fish were 
,----, 
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tested more than once in this experiment. The number of replicates (n) for each size class 
was 11. 
1 
• Experiment 3 
The functional response oflarge guppies to a range oflarval densities was 
determined in a large arena, measuring 70 cm in diameter (3850 cm2) and 15 cm in 
height, and filled to a depth of 14 cm with aerated tap water at 27 Oc. Vegetation density 
was maintained at 7 plants/700 cm2• This relatively low density was selected because, 
based on previous experiments, fish appeared to be able to forage with minimal physical 
impediment along open lanes unrestricted by vegetation. The fish were deprived of food 
for 24 hours prior to the beginning of each experiment. Again, fourth instar Ae. aegypti 
larvae were introduced into the arena and allowed to disperse among the vegetation. 
Larval densities were 10, 25, 40, 55 and 70/arena. On the basis of preliminary 
experiments, a single large fish (3.0-3.5 cm) was able to consume between 30-40 fourth 
instar larvae over a 24-hour period; most of these larvae were consumed during the 
daylight hours. The experiment lasted 12 hours at a constant light intensity. A single 
large fish was placed in the arena after the larvae had resumed regular foraging behavior 
(~5minutes). lndividuals were not tested more than once in order to reduce the effects of 
familiarity with the experimental environment and procedures. At the end of each trial, 
the fish were removed and the mean numbers of mosquito larvae remaining were 
determined. The number of replicates for this experiment was 24. 
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Statistical Analyses 
AH data were tested for nonnality. Confidence intervals were fixed at 95%. Data 
for Experiment 1 were not nonnal and a non-parametric equivalent ofthe two-way 
ANOVA, the Sheirer-Ray-Hare Test, was used to detennine the significance of 
differences in the number oflarvae consumed by each size c1ass at each vegetation 
density. For Experiment 2 data were analyzed using the Two Sample Student t-Test to 
compare the mean number oflarvae consumed by each instar. For Experiment 3, the 
functional response data were analyzed using the CATMOD procedure in SAS, it 
detennines whether the data exhibited a Type II or a Type III curve. In the CA TMOD 
procedure an initial test for a Type II functional response is perfonned. The equation 
used is the logistic Equation 5: 
1 (5) 
The procedure produces maximum likelihood tests that the parameters are equal to O. If a 
significant test results, a lack of fit is indicated (Juliano 2001). In order to test for Type 
III functional responses with the CATMOD procedure, Equation 6 is used: 
1 (6) 
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In order to further confirm that a Type III response is shown by the data, the 
values for No and N 02 were be verified. If the linear parameter No is a positive value and 
the quadratic parameter N02 is negative it confirms the sigmoidal slope of a Type III 
response. A best-fit model was subsequently fitted to the data. 
It should be noted that during this experiment there was no replacement of larvae 
to maintain constant prey density. As mosquito larvae were consumed, prey density 
decreased, reducing rates of encounter, and subsequently the number of mosquitoes 
consumed. This was corrected for during the course of statistical analysis of the data by 
considering the proportion of prey eaten after each larva was removed by predation 
(Juliano 2001). 
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RESULTS 
Experiment 1 
Overall, large fish consumed the largest number of larvae at aH vegetation 
densities (larvae consumed/larvae presented, 1314/2900) (Tables 1 and 2), even though 
their decline in predation efficiency with increasing vegetation density was the most 
pronounced among the three size classes (r2=0.990, confidence interva195%) (FIG 1). 
Medium sized fish consumed the second highest total number oflarvae throughout the 
experiment (721/2900) with a somewhat less severe reduction in predation efficiency 
(r2=0.967, confidence interval 95%) (FIG II). Small fish consumed the fewest larvae 
(372/2900), but their predation efficiency remained unchanged, regardless of vegetation 
density (Ç=0.2304, confidence interval 95%) (Figure III). The corresponding test 
statistics from the Sheirer-Ray-Hare test are presented in Table 2. Under conditions of 
low vegetation density, large fish consumed almost four times as many fourth instar 
mosquito larvae as did small conspecifics; this difference was almost halved at high 
vegetation densities. The relationships between vegetation density and the number of 
larvae consumed for the large, medium, and small fish size classes are shown in Figures 
l, II and III respectively. 
The general behavior of the fish and larvae remained consistent over the course of 
the experiments and manifested no obvious abnormalities. Upon their release, larvae 
would immediately scatter throughout the arena, but would associate with the aquatic 
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vegetation within minutes and begin foraging along the surface of the horizontalleaves. 
When fish were introduced, larvae would again scatter throughout the arena only to 
retum rapidly to their foraging activities in the shelter of the plants. 
Upon their introduction into the arena, fish occasionally sank to the bottom or hid 
in vegetation near the surface of the water column for one or two minutes before 
initiating foraging activities. Where possible, fish navigated along clear lanes between 
plants. At high vegetation densities, when such lanes were largely obliterated, the 
movement oflarge fish, and to sorne degree of medium fish, in the arena appeared less 
direct as they picked their way through the overlapping branches of the plants. Small fish 
appeared to move equally weIl at aIl vegetation densities. Fish of aIl sizes were attracted 
by larval movement as they navigated the arena. Detection of prey was characteristically 
followed by attack. Large fish were able to penetrate dense vegetation, but frequently 
altered their foraging behavior from the typical search and attack method to an ambush 
strategy where they would wait for a larvae to venture close enough to capture them in a 
short burst ofmovement. In the absence of vegetation, fish appeared fearful and rarely 
initiated foraging. Consequently, a minimum amount of vegetation was provided in aIl 
trials. 
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TABLE 1. 
Mean numbers (± standard error) of fourth instar Aedes aegypti larvae consumed by 
Poecilia reticulata of three size classes at various vegetation densities (plants/700 cm2). 
Vegetation Density (plants/700 cmL) 
Fish Size 3 7 11 15 19 
Small (1.5-2.0 cm) 3.18 ± 0.25 2.29 ± 0.22 2.33 ± 0.19 2.53 ± 0.22 2.52 ± 0.23 
Medium (2.2-2.8 cm) 7.23 ± 0.35 6.40 ± 0.48 5.17 ± 0.46 3.10 ± 0.34 2.67 ± 0.30 
Large (3.0-3.5 cm) 12.35 ± 0.53 10.90 ± 0.64 8.45 ± 0.49 6.00 ± 0.47 4.68 ± 0.41 
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TABLE 2. 
Sheirer-Ray-Hare statistics for the number offourth instar Aedes aegypti larvae 
consumed by Poecilia reticulata of three size classes at various vegetation densities 
(plants/700 cm2). 
Source df Type III SS Mean Square F-value Pr>F 
Fish Size 2 2873.94 1436.97 274.40 <0.0001 
Vegetation Density 4 1202.87 300.72 57.42 <0.0001 
Vegetation Density x Fish Size 8 656.90 82.11 15.68 <0.0001 
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FIGURE 1. 
Mean number (± standard error) offourth instar Aedes aegypti larvae consumed by large 
Poecilia reticulata at various vegetation densities (plantsl700 cm2). 
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FIGURE II. 
Mean number (± standard error) offourth instar Aedes aegypti larvae consumed by 
medium Poecilia reticulata at various vegetation densities (plants/700 cm2). 
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FIGURE III. 
Mean number (± standard error) offourth instar Aedes aegypti larvae consumed by small 
Poecilia reticulata at various vegetation densities (plantsl700 cm2). 
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Experiment 2 
Small fish preyed preferentially on second over fourth instar Ae. aegypti larvae. 
When presented with a choice, only 7% of the total number oflarvae taken were fourth 
instars. Small guppies manifested difficulties handling fourth instar larvae. Handling 
involved seizing the larvae and forcefully expelling them through the mouth at least once, 
but usually many times, in order to reposition the body of the prey for swallowing. Casual 
observations suggested that the handling of live prey by fish was a skill that improved 
with time. Sorne predatory interactions between small fish and fourth instar larvae lasted 
upwards of 30 seconds. In contrast, large guppies swallowed fourth instar larvae quickly 
and easily, without the need for repositioning; they preferred fourth instars and showed 
little interest in the younger larvae. Thus, only 4% oflarvae taken were second instars. 
Medium-sized guppies took more second than fourth instar larvae, although not 
statistically significant (Table 3). 
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TABLE 3. 
Mean number (± standard error) of second and fourth instar Aedes aegypti larvae 
consumed by Poecilia reticulata of three size classes. 
Fish Size 
Larval Instar Small (1.5-2.0 cm) Medium (2.2-2.8 cm) Large (3.0-3.5 cm) 
2nà instar larvae 11 ± 0.56 7.55 ± 0.31 0.55 ± 0.21 
4 tn instar larvae 0.818 ± 0.23 6.73 ± 0.27 14.919 ± 0.41 
p-value <0.0001 0.062 <0.0001 
Test Statistic t=17.0 t=1.97 t=31.0 
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Experiment 3 
The numbers of fourth instar Ae. aegypti larvae consumed increased to a 
maximum of 31 as the density of fourth instar larvae in the arena increased from lOto 70. 
The proportion of larvae taken reached a peak of 70% at an approximate density of 40 to 
55 larvae (Table 4). This represents the number offourth instar larvae that a large guppy 
can consume over a period of 12 hours, regardless of the number of prey items presented. 
ANOVA test statistics are presented in Table 5. 
The test for a Type II response yielded parameters that were significantly different 
from 0, eliminating the possibility of a Type II response under the prevailing conditions. 
In testing for a Type III functional response, the parameters were estimated to be not 
significantly different from 0, confirming the fit of the response (Table 6). The proportion 
of prey consumed increased at larval densities between 10 and 40 larvae, and then 
declined as the density rose to 70 larvae (Figure IV); this confirms a type III functional 
response, as shown in Figure 8. 
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TABLE 4. 
Mean number (± standard error) and proportion offourth instar Aedes aegypti larvae 
consumed by large Poecilia reticulata at various larval densities (larvae/3850 cm2). 
Larval Density (larvae/3850 cm2) 
10 25 40 55 70 
Larvae Consumed 6.62 ± 0.375 15.62 ± 0.77 28.17 ± 0.97 30.21 ± 1.35 31.12 ± 0.94 
Proportion of Larvae 0.66 ± 0.038 0.62 ± 0.03 0.70± 0.024 0.55 ± 0.024 0.44 ± 0.013 
Consumed 
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TABLE 5. 
ANOVA test statistics for the number of fourth instar Aedes aegypti larvae consumed by 
large Poecilia reticulata at various larval densities (larvae/3850 cm2). 
Sum of Squares Df MS F P-value F-crit 
Source of Variance 
Between Groups 11162.13 4 2790.53 132.98 <0.0001 2.45 
Within Groups 2413.17 115 20.98 
Total 13575.3 119 
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TABLE 6. 
Estimates offunctional response parameters using the Juliano (2001) procedure. Where 
No, No2 and No3 are the slope estimates of the curve as it changes. 
Parameter Estimate Standard Error Chi-square Pr>Chi -square 
Intercept 0.19 0.3301 0.33 0.565 
No 0.043 0.0292 2.17 0.146 
No2 -0.00091 0.000753 1.47 0.226 
No3 3 -0 5.828-0 0.26 0.607 
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FIGURE IV. 
The mean proportion l± standard error) of Aedes aegypti larvae consumed by large 
Poecilia reticulata at various larval densities (larvae/3850 cm2) • 
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FIGUREV. 
Mean number (± standard error) offourth instar Aedes aegypti larvae consumed by large 
Poecilia reticulata at various larval densities (larvae/3850 cm2), and fitted functional 
t response curve. 
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DISCUSSION 
In the present study, guppies ofboth medium and large size experienced greatly 
reduced foraging efficiency as the complexity of their habitat increased. As vegetation 
density increased, and the proportion of open water was reduced, such guppies (2.2 to 
3.5cm) experienced a noticeable decline in mobility. Their progress through dense 
vegetation was slow and halting, distinctly different from their behavior in more open 
environments, where they moved quickly along lanes between plants and took almost 
three times as many fourth instar larvae during the 15-min test interval than under 
conditions ofhigh vegetation density. Similar effects have been documented for other 
visually stimulated, predatory fish (Hom ski et al. 1994, Crowder and Cooper 1982). 
Guppies are primarily search and attack predators, and may have their foraging efficiency 
diminished by habitat complexity for a number of reasons. Not only is locomotion 
hindered, but vision is obstructed (Anderson 1984). Furthermore, mosquito larvae may be 
dispersed and hiding in the vegetation coyer (Kurashov et al. 1996, pers. obs.), thus 
reducing the number of predator-prey encounters and consequently the number of prey 
consumed. It is conceivable that large fish at high levels of vegetation densities may fail 
to meet their basic energy requirements, and that the observed change in foraging strategy 
from cruising to ambushing may represent a measure to reduce energy expenditures. In 
general, as fish grow, they acquire greater capabilities for movement and locomotion. 
However, when large body size reduces their ability to maneuver through complex 
habitats, they may be at a distinct disadvantage. Predators switching strategies have been 
documented from studies on largemouth bass (Micropterus salmoides). These predators 
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react to the reduction in encounter rates, handling times, and ability to move freely during 
search by abandoning their usual search and attack approach for an ambush strategy 
(Anderson 1984, Valley and Brenigan 2002). Ostrand et al. (2004) showed that fish 
adapted to an ambush strategy could increase their foraging efficiency at higher densities 
of vegetation. 
Fish that feed on macro-invertebrates are often constrained to forage in habitats 
that are structurally complex, due to a direct relationship between habitat complexity, in 
terms of sub-aquatic vegetation coyer, substrate relief, and the size of invertebrate prey 
populations (Kurashov et al. 1996, Webster and Hart 2004). In order to maintain foraging 
efficiency, larger fish may seek out structurally less complex patches in the environment 
that still provide the minimum required macro-invertebrate prey density (Webster and 
Hart 2004). For small guppies, in the present study, foraging efficiency was not affected 
by increases in vegetation density, and dense aquatic vegetation provided shelter for their 
invertebrate prey as weIl as for these small predators. Similar effects of vegetation 
density were reported by Homski et al. (1994) regarding the predation efficiency of 
Gambusia ajJinis and Aphanius dispar on mosquito larvae. Like P. reticulata, large 
individuals ofthese two species were generally found in structurally less complex 
habitats, whereas smaller fish found shelter and prey in dense vegetation (Croft et al. 
2003, Homski et al. 1994). In contrast, Angerilli (1980) found that single individuals of 
fathead minnows (Pimephales pramelas) were able to locate prey much more effectively 
in the presence of vegetation because the vegetation was used to systematically search the 
arena. In the absence of vegetation, despite being able to see clearly, the fish seemingly 
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searched randomly through the arena and consumed fewer larvae. Angerilli (1980) did 
not measure the density of vegetation. P. reticulata did not perform well in the absence 
of vegetation in the CUITent study; presumably they are adapted to sorne degree of 
vegetation cover in their natural environments, as shown by (Croft et al. 2003). 
Although small fish experienced no significant decrease in their predation 
efficiency due to increasing vegetation density, they were unable to consume as many 
fourth instar larvae as larger fish. Thus, even at the highest vegetation densities, large fish 
ingested almost twice as many fourth instar Ae. aegypti larvae as their small and medium 
sized conspecifics. Homski et al. (1994) report similar results with G. ajfinis and A. 
dispar. The larger the fish, the more larvae they were able to consume, regardless of the 
situation. Although fourth instar Ae. aegypti larvae yield large amounts of energy when 
consumed, their large size makes them difficult to handle by small predators. There is a 
direct relationship between gape size of the predator and the size ofprey (Gil12003). A 
larger body size also allows for larger prey items to be consumed because oflarger 
stomach capacity and additional strength to overpower the prey. The larger the fish in 
proportion to its prey, the shorter is handIing time (Gill 2003). 
According to Croft et al. (2003), guppies assess the structural complexity of a 
patch to determine wh ether it will affect their foraging success, they must determine the 
concentration of suitable prey items available, and they need to assess their own risk of 
being taken by a predator. AlI of this must be done rapidly so as to maximize daily 
activities. 
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Small guppies clearly preferred second over fourth instar Ae. aegypti larvae. 
When presented with a choice, few fourth instars were consumed. The accompanying 
complex manipulations of the prey and extended handling times, suggested that the 
energetic cost ofhandling the relatively large fourth instar larvae may have been 
prohibitively high. As a consequence, in the field where small macro-invertebrates are 
abundant, including second instar Ae. aegypti larvae, few if any fourth instars may be 
taken by small guppies. 
Large guppies greatly preferred fourth instars and showed little interest in younger 
larvae. At low vegetation density, only 4% oflarvae taken were second instars. 
Nevertheless, it is conceivable that at high vegetation densities, large fish that have 
shifted from search and attack to ambush predation may weIl take any larva that cornes 
within reach, regardless of size. Medium-sized guppies also tended to prefer fourth instar 
larvae, but not at a statistically significant level. 
As hypothesized, guppies show a Type III functional response to increasing 
densities of fourth instar Ae. aegypti larvae. Vertebrate predators typically exhibit such 
responses when introduced to novel situations and prey species (Holling 1959). This 
response is shaped by a short period ofleaming during the initial period of interaction 
between predator and prey. As prey densities increase, the novelty of the prey causes a 
much slower initial increase in the efficiency of predation. As the predator becomes 
accustomed to the prey, there is a rapid increase in its efficiency until it reaches an upper 
limit that is generally set by the satiation of the predator. Given sufficient resources, all 
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functional responses eventually reach a plateau determined by the subsistence 
requirements or satiation of the predator (Holling 1959). 
The manner in which a predator responds to increasing prey densities may 
provide insight into what measures are needed to control the prey species in question. In 
the present situation, the response suggests that large numbers of predators would need to 
be released, especially if rapid control were indicated. If populations of mosquito larvae 
are very high, their control by larvivorous fish, such as P. reticulata, would initially be 
slow while the fish adapt to such high densities of potentially novel prey. Although not 
measured, observations indicate no negative effects ofhigh prey densities on the test fish. 
Upon introduction into the large arena, fish adapted quickly to their new environment and 
the relatively high prey densities; thereafter the only limitation to control appears to be 
predator satiation. Such leaming is a key factor in many vertebrate control systems. 
Directly associated with learning is motivation which drives the process of 
acquiring information (Liebermann 1990, in Warburton 2003). When fish are hungry 
they are less distracted by other pressures in the environment (Milinski 1993). In the 
present experiment, guppies were deprived of food for 24 h prior to testing in order to 
increase motivation to forage. Homeostatic mechanisms will tell the fish when they must 
adjust their food intake at the behaviorallevel (Strubbe and van Dijk 2002). Elevated 
levels of food deprivation cause the fish predator to remain focused on foraging and 
thereby enhance the process ofleaming. In guppies, food deprivation, which directly 
affects foraging motivation, does not affect males as significantly as females, due to the 
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additional energy requirements of reproduction in the latter (Reader and Laland 2000). 
The changing levels of food deprivation and satiation will also affect prey selection by a 
predator. Whereas food deprivation will greatly increase motivation to forage, the threat 
of predation may immediately stifle this drive. It is necessary to feed and acquire energy, 
but it is more important to remain alive to reproduce. The maximum number of larvae 
consumed by the guppies in this experiment was most likely a result of a single factor, the 
level of satiation. After consuming between 30 and 40 fourth instar larvae, the fish may 
have lost motivation and ceased to forage. 
IMPLICATIONS FOR BIOLOGICAL CONTROL 
Fish have been used in the biological control of mosquitoes for decades, but with 
varying success. Their behavior under different environmental conditions needs to be 
studied to better understand their potential. In this experiment, three different size classes 
of guppies were evaluated at multiple vegetation densities to determine their predation 
efficiency against Ae. aegypti larvae. The smallest size class of fish showed no reduction 
in predation efficiency with increasing vegetation density. In contrast, predation by 
medium and large size classes was severely impaired. Nevertheless, large guppies still 
consumed the most larvae, even at high vegetation densities. However, in most natural 
guppy populations, juveniles tend to outnumber adults by a large margin (Magurran et al. 
1994), and spend much oftheir time in structurally complex habitats where they enjoy 
decreased susceptibility to predation and increased encounter rates with suitable prey 
(Croft et al. 2003). At high vegetation densities, predation by adults is equivalent to that 
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of as few as two juveniles when both are presented with fourth instar larvae only. Small 
fish, however, prefer second instar larvae and take fourth instars only 7% of the time, 
raising equivalency levels oflarge fish closer to 30 small fish. To further complicate this 
relationship, large guppies under natural conditions may rarely penetrate the complex 
habitats in which mosquito larvae are usually found (Croft et al. 2003). They avoid 
restrictive vegetation and seek more open water where visibility is not obscured and they 
can participate in reproductive activities (Reader and Laland 2000). Both large and 
medium sized guppies experienced very similar proportional reductions in predation 
efficiency at high vegetation densities, and may be restricted to preying on larvae that 
stray into relatively open water. Thus, the observed change from search to ambush 
predation under conditions ofhigh vegetation densities, as observed for large fish, may 
reflect this environmentally imposed handicap. Small fish have the potential to remove 
large numbers of mosquito larvae, but primarily early instars. While this is somewhat less 
valuable than removing more late instars that are doser to the point of emergence as 
potential vectors, their action is by no means insignificant. Thus, the removal of 
competitively superior fourth instar larvae by large fish characteristically allows 
accumulated earlier instars to resume growth and development more or less 
synchronously (inference based on work by Dye (1984) and Gilpin et al. (1976». The 
resulting flood of fourth instar larvae, although short-lived, may temporarily outstrip the 
predatory capacity of these same large fish that triggered this phenomenon. Predation by 
small fish on earlier instars may reduce this effect. 
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The Type III functional response oflarge guppies suggests that they can consume, 
at most, 31 fourth instar larvae over the course of a 12-hour day. Since guppies are 
primarily diurnal predators, few larvae would be taken outside this period. As well, short 
day length would reduce that number and slow the growth and reproduction of the fish 
(Burns 1985), whereas long day length would increase numbers and accelerate these 
pro cesses at relativel y low vegetation densities. The effect of reduced day length would 
be accentuated because of the fixed length oftime taken up by the initiallearning phase 
of the functional response. Furthermore, as predation efficiency improves over successive 
days of exposure to the prey, predation approaches its full potential. 
Based on these findings, sorne general recommendations can be made for the use 
of guppies in the control of mosquito larvae. In climates where aquatic vegetation growth 
increases over the course of a season, initially low vegetation density would render large 
and medium fish the prime agents in the control of fourth instar mosquito larvae. At this 
time, the control effort may benefit from the introduction of large numbers of medium 
and large fish, primarily females. Although fish reproduction would be high at low 
vegetation densities, cannibalism by larger fish may greatly reduce the number of small 
fish. Nevertheless, mosquito control would remain high, since in the absence of dense 
vegetation, any mosquito larvae that escape predation by small fish and reach the fourth 
instar would be removed by predation by large fish. As vegetation density increases, this 
balance shifts. Since larvae of aIl instars seek shelter and food in dense vegetation, large 
fish are marginalized and the brunt of mosquito control must be borne by small and, 
perhaps to a lesser extent, by medium-sized fish. Although the survival of small fish 
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improves as the availability of shelter reduces the impact of cannibalism, mosquito 
control may be relaxed unless fish reproduction is sustained at a high level. Many more 
larvae rnay reach the fourth instar, which renders thern significantly less susceptible to 
predation by small fish. Unless they leave the shelter of dense vegetation, their 
probability of survival to the adult stage is high. As fish grow, they are rendered 
progressively less effective as predators in dense vegetation. Ifthey remain in dense 
vegetation, they may have to subsist as ambush predators. As the size and number ofhigh 
vegetation density patches increases, providing shelter for progressively more late instar 
mosquito larvae, large guppies may find it more and more difficult to find prey. Their 
reproductive rates may faIl, and recruitment into the population of small fish associated 
with dense vegetation and mosquito larvae may be reduced. Since it may require more 
than 30 small fish to equal the predatory capacity of one large fish, mosquito control may 
eventually diminish, if not fail, under conditions ofhigh vegetation density. Under such 
conditions, control may perhaps be maintained by periodic, inundative releases of small 
guppies. The introduction of large fish may be of little use, unless combined with an 
aggressive pro gram of aquatic weed control. 
To control mosquito populations with larvivorous fish, a breeding population of 
the predator needs to be established in the body of water where the mosquitoes are found. 
Guppies tolerate low oxygen levels and the presence of toxic metabolites such as 
arnmonia, nitrite and hydrogen sulfide, which greatly diminish the survival of many other 
fish species (Meisch 1985, as quoted in Knight et al. 2003). Nevertheless, sustainable 
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control may require close monitoring and frequent, inundative introductions of the 
predator in order to maintain population levels when natural reproduction is low. 
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